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Abstract. Microwave spectroscopy using trapped and cooled ions can achieve pre- 
cision and accuracy comparable to the best cesium frequency standards. We discuss 
standards based on lg9Hg+ ions trapped in linear Paul traps: the Jet Propulsion Labo- 
ratory (JPL) standard, which uses up to lo7 atoms confined near the trap axis, and the 
recently evaluated NIST standard, which uses approximately ten ions laser cooled and 
crystalized on the trap axis. We consider future directions in trapped ion frequency 
standard work, including the use of entangled states for achieving higher precision, and 
progress on trapped ion optical frequency standards. Finally, we discuss scientific and 
technical applications of extremely stable frequency standards. 

INTRODUCTION 

Precise and accurate atomic spectroscopy can rigorously test theories of atomic 
structure, quantum electrodynamics [l] and other fundamental physics [2,3], de- 
termine fundamental constants [4], and provide time and frequency standards [3]. 
Precise and accurate spectroscopy has two basic requirements. First, the measure- 
ment must reach the desired precision in a reasonable averaging time. This requires 
a good signal to noise ratio and a narrow transition. Second, systematic frequency 
shifts and broadening mechanisms of the atomic transition being studied must be 
either very small, or stable and very well measured. 

As seen at this conference, many experiments with cooled and trapped ions 
and with laser-cooled neutral atoms can satisfy these requirements. Here we limit 
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0111' discussion to precision experiments using trapped and cooled ions (5) .  The 
systematic shifts of atomic transition frequencies in these systems can be small 
and well-characterized. For example, Stark shifts are small since < E > = 0 and 
< E2 > is small when the ions are cold. The magnetic field can be small and easy 
to characterize because the ions occupy a small volume. The corresponding Zeeman 
shift is typically small because usually transitions with only a second-order field 
dependence are used. Became background gas pressure can be negligible, collisional 
shifts and broadening can be small. The ions can be cooled using eit.her buffer-gas 
cooling or laser cooling [SI, reducing Doppler shifts. The statistical precision can 
be high if large numbers of ions are stored, or if the shot noise limit is reached. 
Finally, free precession times of several minutes have been reported [7,8], giving 
extremely narrow transition linewidt hs. 

The statistical precision of a frequency standard can be predicted quantitatively 
for various cases. For example, if an atomic transition is probed using the Ramsey 
technique [9] and the measurement, precision is limited only by quantum fluctua- 
tions in the atomic state populations [IO], the fractional precision of the frequency 
measurement is given by [ 111 

Here, wo is the transition angular frequency, Awmeasured is the precision with which 
the frequency is measured, and the Allan deviation ~ ~ ( 7 )  is related to the fractional 
frequency instability. N is the number of atoms used, TR is the free precession 
time between the two 7r/2 Rabi pulses, and T (> TR) is the averaging time of 
the measurement. Ideally, N, TR, and T are large, although various experimental 
constraints may limit these values. 

Table 1 compares these parameters for two types of microwave frequency 
standards-those based on ions confined in an rf Paul trap and those based on a 
pulsed fountain of cesium atoms [12]. The number Nof atoms used in the trapped 
ion standards is limited in part by the second-order Doppler shift due to micro- 
motion. This motion is driven by the trap's rf electromagnetic fields, and becomes 
greater as the Coulomb repulsion between the ions forces them further from the 
field nodal point or line [13]. Thus there is a trade-off between using very large N 
but with a substantial Doppler shift, or a negligible Doppler shift but smaller N. In 
the Cs fountain standard, N is limited in part by collisional shifts. For laser-cooled 
trapped ion standards, TR is limited by the time the ions remain cold in the ab- 
sence of cooling radiation. In a fountain standard it, is limited t80 about 1 s by the 
maximum practical height the atoms can be tossed (about one meter). Finally, the 
averaging time T is not fundamentally limited in either type of standard. 

Ions in Penning traps have been used previously to realize the first laser-cooled 
frequency standard [7,16]. An important limitation to accuracy in those exper- 
iments was the uncertainty in the second-order Doppler shift due to the overall 
rotational motion of the ion cloud. T h s  motion can now be precisely controlled 
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TABLE 1. Example parameters for trapped 
ion and cesium fountain microwave frequency 
standards . 

Parameter Ions CS 
w n l ( 2 ~ )  40.5 GHz ("'HE+) 9.2 GHz 

[17], and it  should therefore be possible to realize an rf or microwave frequency 
standard with accuracy comparable to what is possible with Paul traps [18]. To 
date, the highest accuracies and stabilities have been obtained in linear Paul traps; 
therefore, we highlight, this work below. 

Figure 1 shows a schematic diagram of a linear Paul trap [19-211. In this trap, 
the ions are confined axially by the two cylindrical sections (endcaps) held at static 
potential UO. The shape of these endcaps is not critical, and axial confinement can 
be produced by thin conducting rods located on the trap axis at, both ends of the 
trap [15], by small rings [20] or by segmented electrodes [21]. Two of the long, thin 
rods of Fig. 1 are held at. ground potential, while the other two are held at an rf 
potential. This gives an oscillating electric potential that. traps the ions in a radial 
quadratic pseudopotential [22]. The advantage of the linear trap is that, many ions 
can be confined near or on the electric field nodal line, where Doppler shifts from 
micromotion are minimized. 

MICROWAVE SPECTROSCOPY 

Microwave spectroscopy with clouds of trapped ions has been used for many years 
in atomic structure measurements [23]. Some recent experiments report measure- 
ments of g factors [24] and hyperfine constants [25-291. Because ion traps can use 
small samples, they are well-suited for measurements of hyperfine anomalies using 

FIGURE 1. Schematic diagram of a linear Paul trap. 
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F = 3  - 

FIGURE 2 .  Partial energy level diagram of lg9Hg+. 

different isotopes, some of which are radioactive [25,26,29]. 
Taking advantage of the precision and accuracy offered by the ground state 

hyperfine transition of trapped ions, several groups are working on atomic fre- 
quency standards based on '13Cd+ (WO = 2 K x 15.2 GHz) (27,301 and 171Yb+ 
(WO = 2 7r x 12.6 GHz) [20,31-331. Here we describe microwave frequency stan- 
dards based on trapped lg9Hg+ ions (14,15,34]. Figure 2 shows a partial energy 
level diagram of this atom. The electric dipole transitions at  194 nm are used for 
state preparation and detection, and can be used for laser cooling. The ground 
state hyperhe  splitting frequency is 2 .rr x 40.5 GHz, the highest of routinely 
trapped ions. The AmF = 0 hyperfine transition depends only quadratically on 
the magnetic field, when the field is near zero. 

At JPL, much work has been done with clouds of lg9Hg+ ions in a linear Paul 
txap [15,34]. The methods and performance of the Commonwealth Scientific and 
Industrial Research Organization (CSIRO) experiments on 171Yb+ are similar [20]. 
The four trap rods of the JPL linear ion trap standard (LITS) in reference [15] 
are evenly spaced on a circle of 1 cm radius, with two endcap rods on the trap 
axis 7.5 cm apart. This trap confines clouds of up to lo7 ions, which are cooled 
with a helium buffer gas. States are prepared and detected with a 202Hg lamp, 
which emits broad-line radiation that partially overlaps the resonances of the two 
2S1/2, F = 1 + 2P1p, F = 0, 1 transitions. Because the 2P1/2, F = 1 state 
can decay to the 2S1/2, F = 0 state, illuminating the ions with the lamp radiation 
pumps them into the 2S1/2 F = 0 stat,e in preparation for the Ramsey int,errogation. 
At. the end of the Ramsey interrogation, the lamp radiation is returned to the ions. 
and the detected fluorescence indicates how many ions are in the 2S1p F = 1 
statre. Because the ions scatter only a few photons before optically pumping out 
of the 2S1p F = 1 state, and because only a small fraction of the scattered 
photons are detected, the state detection efficiency is much less than unity, so the 
state measurements are not quantum noise limited and Eq. (1) is not, applicable. 
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However, because N is large, this device is very stable. With a Ramsey time TR of 
g S, LITS has recently demonstrated an instabilit,y of oy(.) = 3 x 7 - ' j 2  (35) .  
At CSIRO, a similar standard using clouds of laser-cooled 17*Yb+ ions in a linear 
trap has oy(.) = 4.7 x 

Although these standards are very stable, the second-order Doppler shift from 
the ion motion is substantial (about 9 x 10-13). At NIST, the goal is to develop 
a frequency standard that is both stable and accurate. We use a linear t,rap such 
as that shown in Fig. 1, with the endcaps approximately 4 mm apart and the 
0.2 mm radius rods on a 0.64 mm radius [3G]. Approximately ten ions are used, 
and they are laser cooled SO that. they crystallize along the nodal line of the rf 
electric field, near the trap axis. Using a small number of ions sacrifices precision 
according to Eq. ( l ) ,  but greatly reduces Doppler shifts. Groups at CSIRO [37) and 
the Communications Research Laboratory (CRL) [38] have also crystalized laser- 
cooled ions in linear Paul traps in order to improve the accuracy of their frequency 
standards. 

The NIST standard has other advantages. The t8rap is enclosed in a copper 
container that forms the bottom of a liquid helium reservoir (3G]. Because of the 
cryogenic environment, the pressure of background neutral mercury atoms is neg- 
ligible. This is critical because the background mercury pressure leads to ion loss, 
presumably due to dimer formation. This ion loss limits the storage time of trapped 
ions in a room temperature trap to about. ten minutes. At 4 K, the ions can be 
trapped for days at a time without loss. Also, in the 4 K environment. the pressure 
of all other background gases is negligible, with the possible exception of helium. 
This greatly reduces collisional shifts and heating from collisions. Additionally, the 
black body shift, which is already over two orders of magnitude smaller than in 
cesium at room temperature (391, is dramatically reduced. To ensure that, the ions 
are on the nodal line, we minimize the micromotion observed in three non-coplanar 
directions (131. Because the rf electric field at the site of the ions in minimized, the 
rf heating while the cooling lasers are off during the free precession time TR is min- 
imized. Finally, laser cooling (instead of buffer gas cooling) significantly reduces 
Doppler shifts; we have measured the second-order Doppler shift to be less than 
3 x lo-'' (141. 

The steps in operating the frequency standard are as follows. We Doppler cool 
the ions by using radiation from a primary laser whose frequency is slightly red- 
detuned from transition p (see Fig. 2). Although this is a cycling transition, the 
laser weakly couples the F = 1 state to the P1p, F = 1 state, which decays 
to the S 1 p ,  F = 0 state. To optically pump the ions out. of this st,ate, we overlap 
a less intense repumping laser beam with the primary laser beam t,o drive t,he r 
transition. After a Doppler cooling period of 200 to 300 ms, we pump the ions into 
the S1/2, F = 0 state with high efficiency by applying only the primary laser for 
10 ms. Then we drive the microwave transition using the Ramsey method, with 
a free precession time TR of 2 t o  100 s. After this, to determine the ensemble 
average of the F = 1 state populations, we again apply only the primary 
laser for about 10 ms. If an ion is found to be in the F = 1 state, it, will scatter 

7-l'' (201. 
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FIGURE 3. Stabilities of several standards. 

approximately 10,000 photons before being optically pumped into the Sip, F = 0 
state. Otherwise, the atoms scatter only a few photons in the same time interval, 
due to the off-resonant Sip, F = 0 to P1p,  F = 1 transition. Our detection signal is 
the observed fluorescence from all of the ions. Repeating this measurement process 
and scanning the microwave frequency produces a Ramsey fringe pattern. We lock 
the frequency to the central Ramsey fringe by stepping the frequency from one side 
of the fringe to the other, while a digital servo works to keep the detection signal 
constant at each step. 

Figure 3 shows the instability oY(7) of the microwave oscillator when it is locked 
to the central Ramsey fringe with TR = 10 s and TR = 100 s. For TR = 100 s, 
the instability is cy(.) = 3.3 x T - ~ / ’ .  The measured instability of the stan- 
dard is consistently twice that expected from Eq. (l), due to fluctuations of the 
laser intensity at the site of the ions. The figure also shows the stability of the 
cesium beam standard NIST-7 (8 x ~ ~ 1 ~ )  1401 and the Paris cesium 
fountain standard (2 x T-* / ’ )  [12]. The instabilities of these three stan- 
dards are comparable, while that of the JPL ‘=Hg+ standard is significantly better 

The accuracy of the JPL standard is limited by the second-order Doppler shift to 
around [41]. The other standards in Fig. 3 have significantly greater accuracy, 
and the accuracies of these standards are comparable. The fractional accuracy of 
NIST-7 is 5 x limited by the distributed cavity phase shift [42]. This high 
accuracy corresponds to splitting the central Ramsey fringe to about a part in lo6. 
A natural next step toward a more accurate frequency standard is to reduce the 

(a,(T) = 3 x 10-l~ T-i’z). 
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linewidth. The cesium fountain frequency standard does this by increasing the 
Ramsey free precession time TR. In this standard, the accuracy is currently limited 
by black body and collisional shifts to 1.4 x (431. The accuracy of the NIST 
1g9Hg+ standard is 3.4 x and is limited by uncertainties in the Zeeman shift 
[14]. The dominant shift. is caused by asymmetries in current.s running through the 
trap electrodes, which cause a net rf magnetic field at the site of the ions. 

The trapped ion and cesium fount,ain standard are both emerging technologies 
that promise even higher accuracy. At, NET we have constructed a new, smaller 
trap, which we will run with lower trap drive frequency R. Less rf potential is 
needed for the same radial confinement in the trap, reducing the currents in the 
trap rods and, from scaling arguments, the associated magnetic field at. the site of 
the ions. Also, we have improved our magnetic shielding to reduce fluctuations in 
the ambient magnetic field. We expect that. the next, generation of this standard 
will be accurate to approximately 

FUTURE DIRECTIONS 

One way to reduce the instability oy(.) of a standard is to increase the transition 
frequency WO. Therefore, many groups are working on optical frequency standards. 
The laser-cooled stored ion efforts include trapped 172Yb+ at 411 nm [44] and 
3.43 pm [45], 171Yb+ at 435 nm [46], 88Sr+ at 674 nm [47,48], 138Ba+ at 12.5 pm 
[49], *Oca+ at  729 nm [50-521, '''In+ at 237 nm [53,54], and lg9Hg+ at 282 nm [55]. 

Earlier work at NIST using lg9Hg+ in a room temperature trap produced a narrow 
transition with structure due to Rabi oscillations [55]. The width of the central 
feature was about 40 Hz at  563 nm. Our pursuit of higher resolution and a study 
of systematic effects was hampered by the limited lifetime of the ion in the room 
temperature trap. However, we have now built a second cryogenic system that 
will provide long ion lifetimes and more detailed investigations of this transition. 
Also, we have recently made substantial improvements in the laser system; the 
laser linewidth in about a one minute averaging time is now less than one hertz at. 
563 nm [56]. 

For the absolute frequency of a transition to be determined, wg must be compared 
to an accepted frequency standard. We are now comparing the frequency of the 
282 nm transition to a that of the narrow 'So -3 Pl intercombination line of Ca at 
657 nm [57,58] by mixing a CO overtone line with the fundamental 563 nm light [59]. 
The NIST Ca standard has been compared to the Physikalisch-Technische Bunde- 
sanstalt, (PTB) Ca standard, which has in turn been compared to the 9.2 GHz 
line in Cs [60]. In other laboratories, the absolute frequency of t,he '*St-+ S to D 
transition at 674 nm has been measured with a frequency chain 1481. Interferomet- 
ric measurements have also been made on this transition [ G l ]  and on the S to D 
transition at  411 nm in 172Yb+ [44], with frequency chain measurements in progress 

Consider 
P21. 

Another way to reduce oy(.) is by using entangled states (63,641. 
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an atomic system with two states labeled T and 1, separated by frequency wo. 
We use the spin 1/2 analog for these two states [65], so the total angular mo- 
mentum for N ions is given by J = CzI Si, where Si is the spin of the ith 
atom (3, = 1/2). For uncorrelated atoms, the Ramsey spectrum is given by 
< J,  > = N cos((w0 - w )  5"'). The best possible uncertainty in the measured 
value of wo is the shot, noise limit of AWO = l / d m  [lo]. This uncertainty 
can be reduced if we use an entangled state in the following way. Suppose that the 
N-atom state at the beginning of the free precession time is given by 

After the free precession time, a 7r/2 Rabi pulse is applied as in usual Ramsey 
spectroscopy. The signal is obtained by measuring an operator that is the product, 
of the z-components of the Pauli spin matrices, 0 = ~K=, (CT, )~ .  This gives a signal 
(0) = (-l)N cos(N (wo - w )  TR), where LV' is the frequency of the applied 
radiation. The uncertainty in wo is now given by the exact Heisenberg limit. AWO = 
1/N& [63]. This method results in a factor of N decrease in the averaging time 
T required to achieve a given precision. Although similar precision gains can be 
made by increasing N, the optimal value of N in h g h  accuracy ion trap standards 
might. be limit,ed by other experimental constraints, thereby making entangled state 
spectroscopy advantageous. 

APPLICATIONS 

Improved frequency standards benefit communications and navigation [6G,67] 
and help in determining some fundamental physical constants [68].  Another pos- 
sible application of improved frequency standards is in detecting the stochastic 
background of gravitational radiation 169,701. This background is similar to the 
observed cosmic microwave background at 4 K, but has not been detected. Esti- 
mates for the density p of these gravitational waves vary by many orders of mag- 
nitude and are extremely model dependent. A limit on p may be determined by 
timing the bursts of light emitted by pulsars, which are more stable for long times 
than the best clocks on earth [71). If gravitational radiation present at the pulsar 
location is not. correlated with the gravitational radiation present at earth, clocks 
at the two locations will become decorrelated after some time ~ d ,  and the measured 
instability UJT)  of the pulsar bursts will begin to increase with averaging time 
T > Td.  For example, using the estimates from [72], timing measurements from 
the pulsar 51713+0747 should destabilize at 7 = Td - 2 y and oY(7d) - 
[73). However, because the current global time scale is stable at only the level 
on a time scale of about one year, any observed destabilization could also be from 
the long-term drifts in the terrestrial time scale. Bet,ter clocks are thus required to 
verify or reject these theories. 

Another scientific application of better frequency standards is the lab- 
oratory measurement, of possible changes in fundamental constants, such 
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the fine structure constant a. Nonlaboratory measurements in- 
clude estimates from Sm isotope distributions at the Oklo mine, giving 
-6.7 x lO-”/year < &/cy < 5.0 x 10-17/year [74]. However, this measure- 
ment assumes a linear change in (Y over time and is model dependent.. Laboratory 
measurements can in principle detect nonlinear changes in N over a relat,ively short. 
time. Because the hyperfine splitting frequency depends nonlinearly on the nuclear 
charge Z and on a,  comparing the frequency of the hyperfine constant. in hydrogen 
AH t,o that. of another alkali A ~ l k ~ l i  gives &/cy according to [75] 

where Frel (cy 2) is the Casimir correction factor [76]. Recently, the hyperfine st.ruc- 
ture frequency of Ig9Hg+ has been compared t,o that of hydrogen for 140 days to 
obtain I &/cy I 5 3.7 x l0-l4/year [75]. Optical at,omic transition measurement,s 
have also been proposed for detecting changes in a [77]. Clearly, any improvement 
in the precision of laboratory frequency standards would tighten the limit,s on &/n. 

SUMMARY 

Rapped and cooled ions are particularly suitable systems for precise and ac- 
curate spectroscopy. Frequency standards using trapped ions have stabilities and 
accuracies that, are comparable to those of the best, of Cs standards and are ex- 
pected to continue to improve. Some directions toward improving trapped ion 
frequency standards use optical transitions and entangled states. In addition to 
improving technological applications, better frequency standards can test funda- 
mental physics. 
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